Detailed surface heat flux and pressure measurements have been made in laminar separated regions of shock wave/boundary layer interaction in high-enthalpy flows over double cone and hollow cylinder/flare configurations to provide data sets with well-defined boundary conditions for comparison with NavierStokes computations including the effects of nonequilibrium air chemistry. In these experimental studies, which were conducted in the LENS XX expansion tunnel, measurements were made in air for a range of Reynolds number conditions at velocities from 3 to 6.5 km/s to provide measurements with which to evaluate the models of real gas chemistry employed in Navier-Stokes codes. The experimental dataset and comparisons with blind submissions using a number of popular hypersonic Navier-Stokes CFD codes were
Introduction and Review of Earlier Studies Laminar Shock Interactions in Hypersonic Flows in LENS I and XX Hypervelocity Tunnels with Emphasis on Real Gas Effects
The major objective of the current experimental program is to study real gas effects on the scale and distribution of heat flux and pressure in laminar regions of shock wave/boundary layer interaction with well-defined boundary conditions to evaluate the models of gas chemistry and thermodynamic interactions employed in the Navier-Stokes and DSMC codes. Previous components of these studies were conducted in high-enthalpy flows in the LENS I reflected shock tunnel to provide measurements for a range of total enthalpies from 3 MJ/kg to 15 MJ/kg in air, nitrogen and oxygen using two models -the 25 O /55  O double  cone and the 30 O hollow cylinder, shown in Fig. 1 . In both geometries, shock-induced pressure rise caused by a corner-compression produces separation and interaction between shocks and the laminar boundary layer approaching the corner.
At total enthalpies significantly above 5 MJ/kg, the reflected shock tunnel produces freestream flows that are not in thermal and/or chemical equilibrium. When this is so, the source of any discrepancies between CFD and measurements in the interaction region is not easily interpreted, so a new series of experiments has been performed in the LENS-XX expansion tunnel facility for total enthalpies from 5 MJ/kg to 22 MJ/kg (3 to 6.5 km/s). Because the LENS-XX expansion tunnel facility generates high velocity test gas by direct addition of kinetic energy, the freestream gas state has little or no thermodynamic and chemical excitation when compared to the shock tunnels at similar conditions. In this way, it is possible to study the influence of the freesream gas state on the resulting comparisons between measurement and CFD.
Figure 1. Hollow Cylinder/Flare Configurations Employed in Experiments in LENS I and LENS XX Earlier Studies of Real Gas Effects on Flows over Double Cone Model
Earlier experimental research of real gas effects conducted in the LENS I shock tunnel at 5MJ/kg and 10 MJ/kg, were initially focused on examining the laminar flow over a double cone configuration where the shock structure and distributions of surface heat flux and pressure can be strongly influenced by local flow chemistry. Comparisons between Navier-Stokes computation with state-of-the-art chemistry models and a series of measurements made in LENS I over a double cone configuration, where the total enthalpy of the flow, and hence, the chemical nonequilibrium in the interaction region was progressively increased, are shown in Figure 2 . While the measurements made at a freestream enthalpy of 5MJ/kg were in relatively good agreement with prediction, those at 10 MJ/kg were not. The major differences in the predictions of scale of the interaction and the measurements in the reattachment region in the higher enthalpy flows are believed to be related to inaccuracies in modeling air chemistry both in the freestream and in the shock layer. By comparing predictions and experiments in pure air and nitrogen (shown in Figure 3 ), it can be seen that that while the predictions for air begin to degrade at 9 MJ/kg, those for a pure nitrogen test gas remain in good agreement with experiment at this enthalpy. This led us to suspect that the modeling of oxygen nonequilibrium flow chemistry in the codes were responsible for this discrepancy, and the next set of experiments in LENS I studies were conducted with pure oxygen as the test gas. Figure 4 shows comparisons between measurements in pure oxygen and computations again with state-of-the-art chemistry models for oxygen. It is clear that at the higher enthalpies for oxygen test gas, the codes again significantly under-predict the scale of the separated interaction region in a way that is behaviorally similar to the air cases. Additional measurements were made with air as the test gas to examine the chemical composition in the freestream in the higher enthalpy flows in the LENS-I facility using tunable laser diode absorption spectroscopy (TDLAS) to interrogate a ro-vibrational transition of the fundamental band of nitric oxide (which is produced naturally in the shock tunnels at high temperatures). The measurements made in these studies suggested that, while the measurements of freestream velocity were in excellent agreement with predictions, the measured level of chemical nonequilibrium in the freestream, specifically nitric oxide concentration, were not. This presented the question as to whether the nonequilibrium in the freestream could significantly influence the flow structure over the double cone. 
Introduction
The experimental program in which we have obtained pressure and heat flux measurements on the double cone and hollow cylinder/flare configurations were conducted principally in LENS XX expansion 100% Oxygen 100% Oxygen tunnel using dry air as a test gas (assumed to consist of 76.5% N 2 and 23.5% O 2 by mass) at total enthalpies from 5 MJ/kg to 22 MJ/kg to evaluate real gas effects on the characteristics of the interaction regions. Six runs are available for the double cone model and five runs for the hollow cylinder flare.
Experimental Facilities
The LENS-XX expansion tunnel facility, together with LENS I, LENS II, and the 48-inch reflected shock tunnels, were employed in earlier studies with the two configurations to obtain high Mach number low Reynolds number conditions and hypervelocity conditions as illustrated by the velocity/altitude chart in Figure 5 . The LENS XX tunnel ( Figure 6 ) has tubes with internal diameter of 24 inches with a nozzle expanding into a 96-inch test section and an end-to-end length of more than 250 ft. The size and test times available with this expansion tunnel far exceed those of other existing tunnels offering significant advantages in the ability to obtain measurements in fully established laminar separated interaction regions. Also, LENS XX expansion tunnel can replicate reentry velocities with a clean, thermochemically quiescent high-enthalpy freestream gas that has been shown to be of major importance in our earlier work. 
Models and Instrumentation
Two new models were constructed and instrumented for the test program conducted principally in LENS XX. These models incorporated new high-frequency pressure instrumentation required to accurately follow the flow establishment of the separated interaction region at the junction between the forebody and the flare on the models in the approximately 1 ms run time of LENS XX. Photographs and schematic diagrams of the new hollow cylinder/flare configuration and the double cone configuration as well as the instrumentation layout are shown in Figure 7 . The dimensions of the hollow cylinder/flare model and the double cone model are shown in Figures 8 and 9 respectively. The geometry of both models is identical to that utilized in all the previous studies with these shapes, though the instrumentation packages are new, 
Test Conditions for the Studies in High-Enthalpy Air Flows
During the preparation for this program, we performed calibration studies in LENS XX involving rake surveys and measurements on hemispherical and cylindrical nose shapes in air under conditions similar to those used for the hollow cylinder flare and double cone models. Based on these surveys, run conditions were selected to give well-defined separated regions on the models and variations in the separated region lengths as functions of Reynolds number and total enthalpy (velocity). The test points at which studies have been conducted are shown in Figure 5 on a velocity/altitude map. The tabulated freestream conditions for all the runs are given in Tables 1 and 2 . These test conditions were generated using the CHEETAh code [9] , where it may be assumed that the gas is in thermal equilibrium in the freestream, e.g. all thermal modes are in equilibrium with temperature (T R = T V = T E = T) and the test gas is in chemical equilibrium (c N2 = 0.765 and c O2 = 0.235). Because of the short runtime of the facility, wall surface temperature is assumed constant at 300 K. 
Presentation of Measurements made on Double Cone and Hollow Cylinder/Flare Models in High-Enthalpy Air Flows using LENS-XX
The surface data sets from experimental studies conducted in the LENS-XX are summarized by run number in Figures 10 and 11 . In all cases, the plotted data is nondimensionalized with dimensionless heat transfer coefficient on the left axis of each plot and dimensionless pressure coefficient on the right axis of each plot. The dimensionless heat transfer coefficient is the product of heat flux divided by freestrem dynamic pressure and velocity (e.g.
) and the square root of unit freestream Reynolds number. This dimensionless group has been shown to produce good collapse of laminar, attached data for many highspeed flows; in this case, it brings the attached flow in front of the interaction region to a similar scale for each run on a particular configuration and allows the interaction region patterns to be more easily compared run to run. For the double cone, all six runs we selected show some separation. For the hollow cylinder flare, run 2 is un-separated while runs 1 and 5 show just marginal separation right in the region adjacent to the corner. Runs 3 and 4 show significantly larger separation lengths, demonstrating that the hollow cylinder flare flowfield is more sensitive to the freestream condition at these enthalpies and Reynolds numbers than the double cone.
In general, consistency is observed between the surface pressure and surface heat flux -separation and peak reattachment levels occur at about the same location within each run. For similar run conditions, the double cone model tends to produce smaller separated regions than the hollow cylinder flare. For example, compare double cone run 06 ( Fig. 10(f) ) where the separation zone size is about 2-cm and hollow cylinder run 04 ( Fig. 11(d) ) the separation zone size is about 4-cm. However, the varying velocities and Reynolds numbers clearly have significant impact on each shape. The effect of Reynolds number can be seen in Figure 12 by comparing runs 3 and 5 for the double cone and runs 2 and 3 for the hollow cylinder flare. In both cases, an increase in Reynolds number results in an increase in length of separated region. Figure 13 shows the effect of velocity between runs 1 and 3 for the double cone while holding density/Reynolds number approximately constant. In this case, and increase in velocity reduces the length of separated region.
To address concerns with the establishment of flow over the models and the stabilization of the interaction zone in the short duration facility environment, the point of boundary layer separation measured forward of the corner was selected as a criterion for monitoring the state of the flow as a function of time. To demonstrate the establishment process, a run was selected each from the double cone and hollow cylinder flare series that had a large separated region and a high enthalpy. Time history plots of the separation point (as measured by the sudden drop in heat flux at the front of the model) are presented in Figure 14 as a function of arrival time of the initial gas at the model station. In an expansion tunnel, the high velocity test gas is achieved by unsteady acceleration using a shock-heated accelerator, which arrives at the model station before the test gas does. The "test time" of the expansion tunnel starts at the interface between the accelerator and test gases and ends when the unsteady expansion waves arrive at the model station as evidenced by an increase in test gas pressure and decrease in test gas velocity. This results in a net increase in Reynolds number (which, in this case, begins to increase the separated region size of the models).
For both runs, the graphic is partitioned into times with colored regions. The accelerator gas for all runs in this test program was also air, but at a significantly higher temperature and lower density state than the test gas. Still, it is high enthalpy gas, and the surface heat flux sensors respond to it as shown with the yellow region lasting approximately 200 -300 s. The arrival of the contact interface indicates the start of the time when the test gas at the specified freestream condition exists at the model station, but the separated regions of the models take some time to adjust to the new gas state (gray region). The interval over which data was averaged is noted in white with a range arrow indicating its extent. This is the interval over which the separated region has stopped significant motion spatially along the model surface. Finally, a cyan region indicates the time period after the steady test time when pressure (and Reynolds number) rises, at which time the separated region grows in extent in response. 
Effect of Enthalpy on Double Cone Interaction Region
It is interesting to note the differences in the response of the unsteady flowfield in the facility for the two different models. In the case of the double cone, the separated region length achieved at the end of the accelerator gas is approximately the same as that measured during the steady-state interval. Thus, the correction by the flow during the establishment process is small and lasts only approximately 200 m. The separated region length of the hollow cylinder flare during the steady-state interval is much larger, so the state of the separated region at the end of the accelerator gas time is significantly different (about 2.5 cm versus 4.0 cm). Therefore, in this case, the establishment time is significantly longer (approximately 550 m) and the transient behavior is such that, during that time, the separated region length actually overcorrects, becoming too large, and subsequently contracts to the observed steady-state value.
It is also interesting to note that the double cone model appears far less sensitive to the rise in Reynolds number that occurs after the steady-state time period as the separated region length remains approximately constant for another 400 mm. The hollow cylinder flare separated region length begins to grow almost immediately. This sensitivity is consistent with the trend observed in Reynolds number in the steady-state sense observed over different runs as noted by Figure 12 . 
Summary and Conclusions
Experimental studies have been conducted in the LENS XX expansion tunnel to provide information of flowfield and surface characteristics with which to evaluate and improve models of gas chemistry employed in Navier-Stokes and DSMC codes. Detailed surface heat flux and pressure measurements have been made in laminar separated regions of shock wave/boundary layer interaction in high-enthalpy flows over double cone and hollow cylinder/flare configurations to provide data sets with well-defined boundary conditions for comparison with CFD codes employing state-of-the-art gas chemistry models including the effects of nonequilibrium air chemistry. Measurements made in air over a range of velocities from 3 to 6.5 km/s for both shapes have been presented along with model geometry and test condition information. Tabulated data is presented in the attached appendix. 
APPENDIX. Tabulated Surface Data

